In a personal communications services system, it is required to locate the destination portable when an incoming call arrives. We propose a simple location tracking scheme called the T-threshold location cache scheme. In the scheme, a threshold T is used to determine whether a cached location record is obsolete. When the incoming call frequency changes, this scheme adaptively modifies the threshold to yield the best performance. An analytical model is proposed to study the T-threshold scheme. The analysis indicates that the T-threshold scheme effectively reduces the network traffic compared with the IS-41 scheme.
Introduction
In a PCS (personal communications services) system, the location of a called portable (mobile phone) must be identified before the connection can be established. This paper proposes an algorithm to efficiently locate a portable. Before we describe the procedure to locate a portable, we first introduce a PCS network architecture proposed in the Bellcore PCS Network and Operations Plan [1, 5] (cf., Figure 1 ). This model assumes that the Home Location Register (HLR) resides in the Service Control Point (SCP) which is connected to a Regional Signal Transfer Point (RSTP). Through a connection network, RSTP connects to all Local STP (LSTP) in the region, which perform message routing translation and screening functions in the Signaling System 7 network. The individual STPs illustrated in Figure 1 actually represent the mated-pair configuration. Every LSTP comprises a LATA geographical area, which connects to multiple service switching point (SSP) . The Mobile Switching Center (MSC) and a distinct Visitor Location Register (VLR) are collocated with an SSP (in the future, the MSC is likely to evolve to become an SSP). We assume that every SSP serves exactly one registration area (RA). A RA consists of one or more radio port coverage areas or cells. In this paper, the term RA is used to represent SSP. 1. An incoming call arrives at RA R 1 . The cache record indicates that the portable p resides in RA R 2 . 2. The VLR of R 2 is queried, which in turn queries MSC to find the rout-able address for p. 3 . The VLR of R 2 returns the address back to R 1 .
Due to the mobility of portables, the location information in the cache may be obsolete. If the obsolete cache information is used to locate a portable, then the procedure shown in Figure 3 fails, and after the failure the IS-41 scheme must be used to find the correct location. In such a case, the overhead of using the cache information to locate a portable is higher than the IS-41 scheme. Thus, the cached information should be used as a hint to locate a portable, and some strategy is required to determine whether a record is valid.
Jain et al. [5] proposed a cache scheme for PCS networks. The idea is similar to the write-through cache scheme in computer architecture [11] . In this scheme, the hit ratio is used to determine whether the cached information is obsolete. If the cache hit ratio is above some threshold, the cache is enabled. Otherwise the cache is disabled, and the IS-41 scheme is used. If the hit ratio is too low, the location tracking cost can be reduced by another technique called location forwarding (to be discussed in Section 6). This paper proposes a cache scheme called the T-threshold scheme. This scheme uses a threshold T to appropriately exploit temporal locality of portables. We show that by integrating the T-threshold scheme with one-step location forwarding, a special case of the forwarding strategy, the performance can be significantly improved. Our study indicates that the performance of the T-threshold scheme is better than the IS-41 scheme.
The paper is organized as follows: Section 2 describes the T-threshold location cache scheme. Section 3 proposes an analytical model for the T-threshold scheme. Section 4 shows how to select the threshold T adaptively. Section 5 studies the effect of limited cache capacity. Section 6 investigates the impact of integrating the T-threshold scheme with one-step location forwarding.
The T -Threshold Location Cache Scheme
This section describes the T-threshold location cache scheme. Consider the remote access to a portable. Every RA uses a local database to cache the location of a remote portable.
For a portable p, the RA keeps a record r p in its cache. In addition to house keeping information, the record r p includes two fields: r p :t, the time of the latest phone call to p, and r p :l, the location of p at time r p :t. Suppose that a call to the portable p arrives at a RA at time t. If r p does not exist or t ? r p :t > T (where T is a pre-defined threshold to be elaborated later), the record r p is invalid, and the IS-41 scheme is performed. Then r p :t is assigned the value t (if r p does not exist, then the record is created), and r p :l is assigned the location found in the search operation.
If t ? r p :t T then use r p :l to find the location of p. If p is found in location r p :l (this is referred to as a location hit), then r p :t is assigned the value t. Otherwise, (a location miss occurs) the IS-41 scheme is performed to find the location. After the location is found, it is assigned to r p :l, and r p :t is assigned the value t.
It is clear that the cost to find a portable is low if a location hit occurs. On the other hand, a location miss results in extra penalty to find the actual location.
Analytic Analysis for the T-threshold Scheme
This section proposes an analytical model for the T-threshold scheme. Let t c be an independent and identically distributed random variable, which represents the time interval between two consecutive phone calls directed from a RA to a remote portable p. Let t M be an independent and identically distributed random variable which represents the time interval that the portable p resides in a RA. Let t m be the time interval between the previous phone call to p and the time when p moves out of the RA. The relationship among t c ; t M and t m is given in Figure 4 . Let f c (t); f M (t) and f m (t) be the density function of t c ; t M ; and t m , respectively. If the incoming phone calls are random observers (for example, if the calls form a Poisson process) of t M , then (cf., pages 39-42, [9] f m (t) = 1 E t M ] Here, we make a conservative assumption that during the time period t c , if the portable moves out of the RA R 1 , it does not return to R 1 again. The effect that a portable may return to R 1 can be easily modeled by a two-dimensional random walk [6] . The impact of the conservative assumption is that the derived hit ratio will be slightly lower than the true one. The probability for location hit with threshold T is 
The cost to find a remote portable is = c 1 + c 2 + c 3
1 Throughout this paper, tc and tM (and thus tm) are assumed to be exponentially distributed.
where c 1 is the cost of searching the location when a hit occurs, c 2 is the cost of searching the location when a miss occurs, and c 3 is the cost of searching the location when the location record is not valid. The values for c 1 , c 2 and c 3 depend on the PCS network architecture. A general relationship among c 1 , c 2 and c 3 is the following: c 1 < c 3 < c 2 c 1 + c 3 (6) An example of the values for c 1 ; c 2 and c 3 is given in [5] for a two-level tree-like STP connection network.
Consider the worst case (for the T-threshold scheme) that c 2 = c 1 + c 3 . Figure 5 shows the impact of c 1 and c 3 on (cf., Equation (5)). In Figure 5 (a), c = 0:5 m . That is, on the average, there is 0.5 call to a portable when it resides in a RA. The figure indicates that when both c 3 and c are small, only a small range for T values yields good performance for the T-threshold scheme, and the performance may be worse than the IS-41 scheme (note that the cost to find the location of a portable in IS-41 is c 3 ) if a large T value is selected.
In Figure 5 (b), c = 2 m , or on the average, there are two calls to a portable when it resides in a RA. The figure indicates that erring on the side of a T value that is too large will degrade performance less than erring on the side of a T value that is too small. In other words, if c is sufficient large, a large T yields reasonable good performance and is always better than the IS-41 scheme. Figure 6 also indicates the similar results.
Selecting the T value
The previous section indicates that the selection of the T value has significant impact on performance when c is small. This section proposes an algorithm to select the T value. Let i ; i ; and i be the probabilities when the threshold is T i , and i be the cost (where i + i + i = 1). Then from (3), (4), and (5), the performance for T 1 is better than T 2 (i. 
An adaptive T value selection algorithm which dynamically selects the T value is described as follows (this algorithm is similar to the one we developed in [7] ). We first observe that after the location of a remote portable p is located by the T-threshold scheme, one of the following conditions must be satisfied. Condition A. The record r p was considered invalid in the T-threshold scheme. However, the real location of p is r p :l (i.e., the record is in fact valid).
Condition B.
A location miss occurs. That is, the record was considered valid but is in fact invalid.
Condition C.
A location hit occurs or the record r p :l is considered invalid and the location found in the T-threshold scheme is different from r p :l.
If Condition A occurs very often, then the threshold T is too small. On the other hand, if Condition B occurs frequently, then the threshold T is too large. Condition C implies that the current T is appropriate. A finite state machine with N + M + 1 states (cf., Figure 7 ) is used to describe the algorithm. Initially, an initial value for T is selected and the system is in state s = 0. Every time after the T-threshold scheme is used to find the location, the algorithm tests which condition is satisfied.
Suppose that Condition A is satisfied.
-If s > ?M then s s ? 1.
-If s = ?M then s 0 and T (1 + )T where 0 < < 1.
Suppose that Condition B is satisfied.
If Condition C is satisfied, then do nothing. If a new record is created, and the cache is full, then a replacement policy is required to decide which record should be replaced. A simple replacement policy is described below.
At time t, if a record replacement is required, then the record r i to be replaced satisfies the following equation.
i (t ? r p i :t) = max 8rp j j t ? r p j :t (8) where i is a factor that takes the hit ratio into account. For example i may be assigned the value of p i 's miss ratio (i.e., one minus the hit ratio). Consider a time point t. Suppose that the behavior of the called portables are statistically identical in the PCS network (and i = 1 for all i). Let the probability that a portable's record r p i is not in the cache be (n; r; i ) when the period between the latest phone call to p i and the time t is i . Then (10) where (10) is derived from (9) based on the well-known relation between binomial sums and the incomplete beta function [3] . Equation (10) It is difficult to find the closed forms for (11) and (12). Instead, we solve these equations numerically. Let = r=n. The curves for the cost with different values are plotted in Figure 10 (b). We observe that for different values the curves have the similar shapes.
The performance improvement by increasing r is more significant for a large than a small . For example, consider the values when T = 0:7 in Figure 10 (b). When = 0:6, increasing r by 33% reduces by 6%. When = 0:8, increasing r by 25% reduces by 7%.
Impact of Location Forwarding
The T-threshold scheme can be integrated with the location forwarding strategy described in [5] . In the location forwarding strategy, when a portable moves from one RA to another RA, the registration in the old RA is cancelled. However, the old RA keeps a pointer to the new RA so that if the old RA is queried to find the portable, the query is forwarded to the new RA. Assume that a pointer chain is never broken (i.e., the cache is large enough so that a pointer is never replaced). For analysis simplicity, we make a conservative assumption that there is no loop in the chain.
Suppose that after a phone call to a portable p, p visits another k RAs, and p resides in the jth RA for a time period t M j (1 j k) . Following the assumptions given in Section 3, f M (t) = f m (t), and the random variable t m + t M 1 + t M 2 + ::: + t M k has a k-Erlang distribution with the density function
The probability " k that p' s location is found after tracing the forwarding pointers k times 
Equation (13) can be used to compute the cost for the location forwarding strategy.
The cost of maintaining a long pointer chain is high (even if the pointer compression techniques are used to reduce the chain length). The remainder of this section considers one-step location forwarding, a special case of the forwarding strategy. Suppose that a portable p resides in RA R 1 , and there is a forwarding pointer from RA R 0 to R 1 (i.e., p visited R 0 before it visited R 1 ) . In one-step location forwarding, if p moves from R 1 to another RA R 2 , then a pointer from R 1 to R 2 is created, and the old pointer from R 0 to R 1 is deleted. This scheme is easy to maintain. Since the chain length is 1, a pointer chain is never broken. Also, the extra storage to save the pointers in the whole system is much less than the general location forwarding strategy. In one-step location forwarding, four probabilities are considered: ; ; " 1 ; . The probabilities and are expressed in (2) and (4), respectively. From (13), the probability " 1 that a location miss occurs, but a forwarding pointer is found is significantly reduce the value. We emphasize that the implementation overhead for onestep forwarding is reasonably low. The adaptive T-value selection algorithm described in Section 4 can be modified to find the optimal T value: the case that a cache miss occurs but a forwarding pointer is found should be excluded from Condition B and included in
Condition C. 
Conclusions
In a personal communications services network, it is required to locate a called portable to establish the phone call. Finding locations of portables contributes significant traffic to the network. This paper proposed a location cache scheme called the T-threshold scheme to reduce the network traffic. The idea is to use local cache to store the location information which is used as hint to locate portables. A threshold T determines whether a location record is obsolete. When the frequency of the incoming phone calls changes, the T value is adaptively modified. The T-threshold scheme is easy to implement. An analytical model was proposed to study the performance of the T-threshold scheme. Our study indicated that the T-threshold scheme significantly reduces the overhead of locating portables. The study also showed that the scheme adapts to the change of the phone call frequency in real time to yield good performance. We showed that by integrating the T-threshold scheme with one-step location forwarding, the performance can further be improved. To conclude, the performance of the T-threshold scheme is better than the IS-41 scheme in general.
